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Abstract
The United States Department of Energy’s National Energy Technology Laboratory (DOE-NETL) is developing a volumetric-
based methodology for calculating prospective CO2 storage resource of organic-rich shale formations.  Similar to natural gas,
carbon dioxide (CO2) can be stored in organic-rich shale as free-gas within fractures and pores and as a sorbed component on 
organic matter and clays. The proposed methodology includes three screening criteria to serve as guidelines for assessing CO2
storage.  The absence of thorough, comprehensive geologic and petrophysical data for unconventional shale reservoirs is noted as 
a significant limitation and source of uncertainty in estimating CO2 storage resource.  Future work is aimed towards analyzing
geologic data from organic-rich shale in order to refine the methodology and reduce the uncertainty associated with CO2 storage 
in these complex formations.  
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1. Introduction
Saline formations, conventional oil and gas reservoirs, and unmineable coal seams have been considered for 
geologic storage of anthropogenic CO2 [1-4].  The emergence of organic-rich shales as an important source of 
methane in the United States has also brought attention to their potential to serve as geologic storage sites for CO2
[5-9].  The CO2 storage resource of organic-rich shales is suggested by their ability to store tens-to-hundreds of 
trillion cubic feet (TCFG) of natural gas*, which accounted for approximately 23% of the total natural gas produced 
in the United States in 2010.  This number is expected to increase to 49% by 2035 as a consequence of increased 
shale gas production[10].
Shales are finely laminated clastic rocks formed by the compaction of predominately clay-sized material, 
including both mineralogic (clay minerals, quartz, feldspars) and organic material.  Secondary processes occurring 
in the depositional environment (ocean-bottom, lake, etc.) can result in the formation of authigenic (in-situ, post-
transport) carbonates, pyrite, and phosphates in shales. Organic-rich shale formations are present in many 
sedimentary basins, and these basins occupy 777,000 km2 or roughly 10% of the contiguous United States [11, 12].
Many organic-rich shales are being exploited for methane despite very low porosities and permeabilities due to 
advances in reservoir engineering [13]. These advances also raise the possibility for the use of shales and other tight 
formations as CO2 storage reservoirs.  Major methane-bearing, organic-rich shale formations include the Eagle Ford 
and Barnett shales in Texas, the Lewis Shale of the San Juan Basin, the Haynesville shale in Texas, Louisiana, and 
Mississippi, the Woodford shale in Oklahoma, the Fayetteville in Arkansas, the New Albany shale in the Illinois 
Basin, the Antrim shale in Michigan, and the Utica, and Marcellus and Ohio shales in the Appalachian basin (Figure
1).  Major organic-rich oil-bearing shale formations in the U.S are the Bakken and Niobrara shales in the eastern 
plains of the Rocky Mountains region and the Eagle Ford shale in Texas (Figure 1).
Organic-rich shale having a minimum of 0.5 wt. % total organic carbon (TOC) content are defined as gas shales.
*DVVKDOHVKDYLQJD72& wt. % are called black shales, whereas gas shales containing < 2.0 wt. % TOC are 
referred to as grey shales [14].  Organic-rich, methane-bearing shale formations are marginally-mature-to-mature 
reservoirs, producing thermogenic methane during the transition of kerogen into CH4 upon burial to depths of 3000 -
6000 m and temperatures of 100 - 200°C.  Thermally mature shales typically contain little or no oil or water [12].
After burial and diagensis, organic-rich shale formations experience cooling, uplift and depressurization due to 
erosion of overlying formations.  Post-burial, most U.S organic-rich shales exist at depths of 1000 – 4000 m, 
corresponding to conditions of 10-40 MPa and 40 - 170°C [12].  Methane from organic-rich shale formations 
present at depths less than 1000 m, such as the New Albany Shale in the Illinois basin, can also be biogenic in origin 
[8, 15].  The methane generated is stored in shale formations as a free phase within fractures and matrix pores and as 
a sorbed component on kerogen and clays.
The United States Department of Energy’s National Energy Technology Laboratory (DOE-NETL) is developing 
a methodology for calculating prospective CO2 storage resource of organic-rich shale formations based on a 
volumetric approach. The methodology is intended to be used to estimate prospective CO2 storage resource of
organic-rich shale formations [4], providing a high-level, regional estimate of storage potential. This paper examines 
current storage estimates of organic-rich shale, outlines the volumetric approach for estimating prospective storage 
resource, and highlights uncertainties associated with unknowns regarding CO2 storage in organic-rich shale.
2. CO2 storage potential of organic-rich shale 
Methods have been developed to estimate the CO2 storage potential of organic-rich shales based on information 
from CO2 sorption isotherms, geologic attributes, and methane in-place and production estimates.  These methods 
have mostly been applied to U.S. organic-rich shale formations in the Illinois and Appalachian Basins [5, 7-9].
Nuttall et al. [5] developed a method to estimate the theoretical CO2 storage potential of New Albany and Ohio 
shales in Kentucky based on experimental results of sorption isotherms and geologic properties.  Drill cuttings and 
sidewall cores of the two shale formations were analyzed for TOC-content, thermal maturity, CO2 and CH4 sorption 
capacities, and mineralogy.  A positive correlation was observed between CO2 sorption capacity and TOC with no 
* natural gas is assumed to be primarily composed of methane (CH4), and will be referred to as methane or CH4 throughout the paper.
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correlation observed between CO2 sorption and clay content.  The authors found ratios of adsorbed CO2 relative to 
CH4 on the order of 5:1 on kerogen.  The authors calculated a theoretical storage estimate of 28 Gigatonnes (Gt) of 
CO2 that could be stored in the deepest and thickest portions of the Devonian Ohio and New Albany shales.
Figure 1: Map of organic-rich shale basins in the lower 48 United States. Major gas-bearing shale formations are 
the Woodford, Barnett, Eagle Ford, Haynesville, Fayetteville, Lewis, New Albany, Antrim, Utica, Marcellus, and 
Ohio shales.  Major oil-bearing shales are the Eagle Ford, Bakken and Niobrara [16].     
Godec et al.[7] estimated the theoretical maximum and technically accessible CO2 storage potential for portions 
of the Marcellus shale formation that exceed 915 m in depth.  The theoretical maximum CO2 storage potential was 
estimated by assuming that CO2 could replace 100 % of the methane gas-in-place. The authors suggest the 
Marcellus shale has 171 Gt of theoretically maximum CO2 storage, of which 99 Gt is adsorbed and 72 Gt is free 
phase CO2.  As the theoretical maximum storage resource will not be 100% accessible, Godec et al.[7] employed a
methane recovery factor of 32% for the Marcellus to calculate a technically accessible storage of 55 Gt of CO2 for 
the study area.  
Tao and Clarens [9] developed a computational model to estimate the CO2 storage potential of hydraulically 
fractured shale formations based on current and projected methane production data.  The authors applied the model 
to the Marcellus shale formation, characterized by historical and projected methane production data from 200 wells 
and published CO2 and CH4 sorption data.  The model estimates 10 - 18 Gt of CO2 could be stored in the Marcellus 
shale between 2013 and 2030.    
Godec et al.[17] estimate the technically accessible CO2 storage potential for organic-rich shale formations 
world-wide, based on estimates of in-place and technically recoverable methane reported by the U.S. Energy 
Information Administration [10, 18].  Free and sorbed methane-in-place is considered proportional to the free and 
sorbed CO2 storage potential.  Technically recoverable methane is determined by applying gas recovery factors of 
30% (favorable), 25% (average), and 20% (less favorable).  The study states that there is 740 Gt of CO2 storage 
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potential in 69 gas shale formations from 32 countries, globally.  An estimate of 134 Gt of CO2 storage potential is 
reported for 19 gas shale formations in the United States.
Carbon dioxide storage potential of the New Albany shale has been assessed by Liu et al.[8] using reservoir 
simulations to quantify CO2 storage and enhanced CH4 recovery.  The authors included geologic parameters such as 
depth, thickness, porosity, TOC, matrix permeability, and natural fracture conductivity [8].  Sorption onto kerogen 
was identified as the primary storage mechanism in the New Albany Shale formation with higher TOC content
equating to more CO2 sorption.  Liu et al.[8] estimate that 40,000 tonnes of CO2 could be injected within five years 
through one horizontal well having four hydraulic fracture stages.  Liu et al.[8] suggest that the success of CO2
storage in the New Albany shale hinges heavily on engineering factors such as stimulated rock volume (SRV), 
which is defined as the portion of the rock that has been hydraulically fractured to create a highly conductive 
fracture network that connects to the wellbore.  The study also suggests that TOC and, to a lesser extent, the natural 
fracture system play important roles in the effectiveness of storage of CO2 in the New Albany shale.  
3. DOE-NETL methodology for CO2 storage resource estimates in organic-rich shale
The current DOE-NETL methodologies have been applied to provide national and regional-scale estimates of 
prospective CO2 storage resource for saline formations, unmineable coal seams, and oil and gas reservoirs in the 
United States [4]. The methodologies are intended to provide a standard approach for prospective CO2 storage 
resource estimates that can inform the high-level decision-making processes related to carbon storage initiatives.  
These DOE-NETL methodologies are based on simple, volumetric data, recognizing the limitations on the 
availability of detailed, formation-specific data at the regional and national scales.  Goodman et al.[19] demonstrated 
that the DOE-NETL methodology for saline formations provides estimates that are statistically indistinguishable 
from other more detailed methodologies, concluding that uncertainty associated with geologic attributes plays a 
larger role in storage potential than the choice of storage method.  
The proposed methodology for prospective CO2 storage resource in organic-rich shale includes three screening 
criteria for the identification of formations for CO2 storage assessment (Table 1). The first criterion is that the 
portion of the organic-rich shale formation being assessed must exist below 800 m.  This same portion must have a 
TOC content ZWDQGEHPHWKDQH-bearing.  The portion of the formation that meets these requirements is
present at depths suitable for geologic storage of CO2 as a dense phase and has sufficient volumes of sorptive 
kerogen and pore space that effectively store CH4 molecules, suggesting it will be amenable to storage of CO2.  Oil-
bearing shales and grey shales are excluded from consideration in this methodology due to insufficient information 
about their performance under CO2 flooding.
Table 1. Criteria for Assessment of CO2 Storage in Organic-rich Shale Formations
1. The portion of the organic-rich shale formation being assessed must exist below 800 m.  This same portion must have a 
TOC ı 2.0 wt. % and be methane-bearing.  
2. The portion(s) of the formation defined by criterion 1 has been or will be stimulated for methane production before or 
during implementation of CO2 storage.
3. Structural, stratigraphic, & hydrodynamic traps must exist in order to prevent the vertical and lateral migration of CO2
into adjacent formations or the surface.
The second criterion is that the portion of the organic-rich shale formation defined by criterion 1 has been or will 
be stimulated for methane production before or during implementation of CO2 storage operations.  This is to ensure 
sufficient conductive fracture space is available for the injected CO2.
The third requirement is that a combination of hydrogeologic trapping conditions must exist in order to block the 
vertical and lateral migration of CO2 out of the shale formation.  Hydrogeologic traps are physical barriers that 
prevent the movement of CO2 to adjacent non-storage formations and the surface and are distinct from storage 
mechanisms that represent spaces and surfaces where CO2 can reside. A survey of the regional geology should be 
conducted to ensure there is one or more impermeable layers above the shale storage formation to act as a seal.
The DOE-NETL method applies a volumetric approach based on a simple, geometric equation for estimating 
subsurface prospective storage resource.  Carbon dioxide storage resource is dependent upon geologic properties,
such as, area, thickness, and porosity, and storage efficiency for the reservoir of interest.  Storage efficiency is the 
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fraction of the total space of the geologic reservoir that will be accessed for CO2 storage and accounts for technical 
storage limitations imposed by geologic and displacement variables that will prevent CO2 from accessing 100% of 
the formation volume [20].
In organic-rich shale, CO2 can be stored within stimulated shale volumes as a free phase in the open void spaces 
of engineered fractures, natural fractures, and matrix pores, and as a sorbed phase on surrounding kerogen and clays 
within the matrix.  Equation 1 defines prospective mass CO2 storage resource (GCO2) for organic-rich shale 
formations:
GCO2 = At hg  [Itot UCO2r Efree + (1-Itot)CsUCO2s Esorbed]                              (1)
The total area (At) and gross thickness (hg) represent the total bulk volume, defined as solid plus pore volume, of the
organic-rich shale formation being assessed for CO2 storage.  The total porosityparameter (Itot) represents the
porosity of the engineered fractures, natural fractures, and matrix within the organic-rich shale defined by At and hg.
The ȡCO2r value represents the density of CO2 at reservoir conditions.  The solid fraction of shale on which CO2
sorption will occur is calculated by subtracting one from the total porosity (1-Itot).  The sorption parameter (Cs) is 
the maximum amount of CO2 able to be stored as a sorbed phase per solid volume of shale. It is assumed that the Cs
parameter represents sorption from both kerogen and clays. The ȡCO2s value  is the density of CO2 at standard 
conditions.  The free phase storage efficiency factor (Efree) represents the fraction of the total pore volume of 
organic-rich shale that will be accessible for free phase storage of CO2.  The sorption efficiency factor (Esorbed) is the 
fraction of total solid volume of shale that will effectively sorb CO2 during storage. Definitions of each parameter in 
Equation (1) are included in Table 2. 
Organic-rich shales can be compositionally and stratigraphically heterogeneous, both vertically and horozontally, 
complicating the analysis of CO2 storage. The structure, interconnectivity, low permeability, and sensitivity to stress 
of fracture networks and matrix pores is difficult to quantify [15]. Storage efficiency in shale formations will be 
controlled by engineered and natural fracture density, spacing, and interconnectivity, as well as the behavior of CO2
at the structural boundaries between fractures and matrix pores. Future work entails understanding the complexity 
associated with these unknowns and determining appropriate values for geologic parameters and associated 
efficiency factors defined in Equation (1) to better constrain estimates of prospective CO2 storage resource. 
Table 2. Definitions of Prospective CO2 Storage Parameters
Parameter Dimension* Description
GCO2 M
Mass CO2 storage resource of the organic-rich shale 
formation 
At L2
Total area of the organic-rich shale formation being 
assessed for CO2 storage 
hg L
Gross thickness of organic-rich shale formation being 
assessed for CO2 storage 
Itot L3/L3
Total porosity of the engineered fractures, natural fractures, 
and matrix within the bulk volume defined by At and hg.
Cs L3/ L3
The maximum amount of CO2 able to be stored as a sorbed 
phase per solid volume of shale 
UCO2r M/L3 Density of CO2 at formation pressure and temperature
UCO2s M/L3 Density of CO2 at standard conditions 
Efree L3/L3
Storage efficiency factor that represents the fraction of the 
total pore volume of shale that will be accessed for free-
phase storage of CO2
Esorbed L3/L3
Storage efficiency factor that represents the fraction of the 
total solid volume of shale that will effectively sorb CO2
during storage
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4. Conclusions
Utilizing organic-rich shale formations as storage sites for CO2 may be a promising means to mitigate the effect 
of greenhouse gases.  Some advantages to using organic-rich shale formations for CO2 storage are that they are 
volumetrically abundant, deep, and possess the potential for enhanced methane recovery.  There are also several 
challenges that exist in relation to CO2 storage in organic-rich shales, such as, their low permeability and 
microscopic, possibly inaccessible, matrix porosity and geologic heterogeneity. A volumetric method has been 
developed to estimate the CO2 mass storage resource of organic-rich shale formations.  This methodology accounts 
for storage of CO2 as a free phase within fractures and matrix pores and as a sorbed phase on kerogen and clays.  
The absence of thorough, comprehensive geologic and petrophysical data for organic-rich shale reservoirs is noted 
as a significant limitation and source of uncertainty in estimating CO2 storage resource.  Future work is aimed 
towards analyzing geologic data from organic-rich shale in order to refine the methodology and reduce the
uncertainty associated with CO2 storage in these complex formations.  This data will provide useful constraints on 
the values assigned to the parameters to estimate prospective storage resource.
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